Background: Poincare plots are commonly used to study the nonlinear behavior of physiologic signals. The aim of this study is to evaluate the Poincare plot indices of human heart rate signals during meditation.
T he analysis of heart rate variability (HRV) provides valuable information to assess the autonomous nervous system (ANS). Since information embedded in the HRV was found to be directly linked to health [1] and cardiac diseases like heart failure, [2] angina pectoris, [3] and myocardial infarction, [4] analysis of these signals has gained the favor of many researchers for a long time. In addition, its low-cost, non-invasive nature and effectiveness encourages the development of new HRV analysis methods to broaden and improve its applications.
Traditional techniques in the analysis of HRV are based on linear methods in time, frequency, or time-frequency domain. These methods have been extensively used to reveal the fundamental control of sympathetic and parasympathetic activities of ANS. [5] Many researchers have concluded that nonlinear features are important in the study of HRV. [6] The analysis of time series in the nonlinear domain includes estimation of dynamical invariants from the reconstructed attractor. Poincare plot is one of these techniques. [7, 8] The Poincare plot is achieved from the representation of a time series into a Cartesian plane (or phase space), where the values of each pair of sequential elements of the time series define a point in the plot. The Poincare plot is a very simplified phase space with a dimension of two and delay or lag of one beat (i.e. each RR interval is plotted as a function of the previous RR interval). The Poincare plot gives a powerful visual contact with the RR time series by representing both short-and long-term variations included in the recording. [9] The following indices are introduced to quantify the Poincare plot geometry: SD1, SD2, and the SD1/SD2 ratio. [9, 10] Furthermore, the analysis of the Poincare plot is considered by some authors as based on nonlinear dynamics. In a previous study, [11] the width of the Poincare plot with different lags was evaluated on heart rate (HR) signals during meditation.
Meditation provokes physical and mental relaxation and enhances psychological balance and emotional stability. [12] Moreover, it is acclaimed as a non-medicated treatment for some psychological disorders without any side effects, unlike medication. [13] Many types of meditation techniques have been introduced. The one adopted here is Chinese Chi meditation. In this technique, the meditators sit quietly and breathe spontaneously while visualizing the opening and closing of a perfect lotus in the stomach.
On applying the statistical and spectral measures of HRV, it was found that meditation may have different effects on health, depending on the resonant peaks' frequencies. [14] It has been shown that during meditation, the resonant peak occurs in the very low frequency (VLF), low frequency (LF), or high frequency (HF) range. Therefore, it may reset baroreflex sensitivity and enhance parasympathetic tone. [14] Recently, evaluation of the higher-order spectra of HR patterns has shown that not only there are significant differences in them between rest and meditation, but also they are influenced by different types of meditation. [15] Muralikrishnan et al. [16] investigated the effects of Isha Yoga on cardiac ANS activity. They found that the Isha Yoga practitioners had a well-balanced activity of vagal efferents, an enhanced HRV, and sympathovagal balance, compared to non-practitioners. Litscher et al. [17] compared HR and HRV responses to Tai Chi and jogging. Although the movements are slower in the Tai Chi training compared to jogging, similar maximum HRs were observed in both activities.
The present study was aimed to assess some other indices of the Poincare plot, with different lags, on HR signals during meditation. For this purpose, HR signals of two groups of subjects (before meditation and during meditation) were analyzed. Poincare plots with lags of 1 and 6 were constructed and the SD1/SD2 ratio and the area of Poincare plots were calculated for each lag. Finally, we present the results of the analysis of these features on data set and we conclude the study.
METHODS

Data selection
In the current study, HR signals from Physionet database [1] were used prior to and during meditation. Subjects were at an advanced level of meditation training. All Chi meditators [1] were graduate and post-doctoral students. In addition, they were relative novices in Chi meditation, most of them having begun their practice in meditation about 1-3 months before the data collection. The subjects were in good general health and did not follow any specific exercise routines.
The eight Chi meditators, five women and three men (age range 26-35, mean 29 years), wore a Holter recorder for about 10 h and did their ordinary daily activities. Roughly 5 h in the recording, each subject practiced 1 h of meditation. Meditation's beginning and ending times were delineated with event marks.
During these sessions, the Chi meditators were asked to sit quietly and listen to the taped guidance of the Master. The meditators were instructed to breathe spontaneously while visualizing the opening and closing of a perfect lotus in their stomach. The meditation session lasted about 1 h. The sampling rate was 360 Hz. Analysis was performed offline and meditations' beginning and ending times were determined with event marks.
Time and frequency measures
To gain more insight into the ANS activity during meditation, the spectral parameters of HRV signals were extracted. The measure in time domain comprising the mean HR was calculated. The spectral HRV parameters before and during meditation were calculated by applying Fast Fourier Transform (FFT).
According to the Task Force, [18] for short time series the power spectrum can be categorized into three ranges of frequency as follows: (1) 
Poincare plots
Poincare plot is a geometrical demonstration of a time series in a Cartesian plane. By plotting consecutive points of RR time series on phase space or Cartesian plane, a two-dimensional plot is constructed. [19] Figure 1 demonstrates a standard Poincare plot of RR interval. [11] Two basic descriptors of the plot are SD1 and SD2. The line of identity is the 45° imaginary diagonal line on the Poincare plot and the points falling on the imaginary line have the property RR n = RR n + 1 . The spreading of points perpendicular to the line of identity is represented by SD1, while the spreading along the line of identity is reflected by SD2. Fundamentally, SD1 and SD2 of Poincare plot are directly associated with the basic statistical measures, standard deviation of RR interval (SDRR) and standard deviation of the successive difference of RR interval (SDSD), which are given by the relations presented in equations (1) and (2). 
Where γ RR (0) and γ RR (1) stand for the autocorrelation function for lag-0 and lag-1 of RR interval and the mean of RR intervals is shown by RR .
From equations (1) and (2), it is clear that the measures SD1 and SD2 are actually derived from the correlation and mean of the RR intervals time series with lag-0 and lag-1. The above equation sets are presented in unit time delay Poincare plot. Many researchers are interested in studying plots with different time delays to get a better insight in the time-series signal. Typically, the time delay is a multiple of the cycle length or the sampling time of the signal. [20] By the choice of time delay, the dependency among the variables is controlled, and the most conventional analysis is performed with higher order linear correlation between points.
Plotting the 2D phase space with lag-m, the equations for the SD1 and SD2 can be written as: 
Where γ RR (m) is the autocorrelation function for lag-m RR interval. This suggests that the standard descriptors for any arbitrary m lag Poincare plot is a function of the autocorrelation of the signal at lag-0 and lag-m.
The SD1 is an index of instantaneous recording of the beat-to-beat variability and demonstrates the parasympathetic activity, while the SD2 shows HRV in long-term records and reflects the overall variability. SD1 and SD2 are combined to form two additional descriptors of Poincare plots: The ratio of SD1/SD2 and the area of Poincare plot. The former (SD1/SD2) shows the ratio between short and long variations of RR intervals [10, 21] and the latter is defined by equation (4):
The area of the imaginary ellipse on the Poincare plot is shown by S.
RESULTS
Mean HR signals were calculated for eight subjects before and during meditation. Figure 2 depicts the variation of this parameter in two states. Applying the analysis of variance (ANOVA) test, mean HRV was significantly different before and during meditation (p < 0.05). As shown in Figure 3 , power spectrum analysis revealed distinctive variations in the maximum power of before and during meditation (p < 0.05).
After Poincare plots were constructed, SD1 and SD2 values were calculated for each lag. During meditation, the value of the SD1 of Poincare plot with a lag of 1 was 2.2 ± 0.6 and with a lag of 6 was 7.3 ± 1.7. Unlike SD1 values, which tended to increase as the lag increased, the value of SD2 of Poincare plot did not change significantly. According to the results, the SD2 value with a lag of 1 was nearly 10.22 ± 2. 4 and with a lag of 6 was about 10.02 ± 2.5. Therefore, as the lag increased, the shape of the plots became more circular during meditation.
The ratios of SD1/SD2 measured from Poincare plots reconstructed with lags of 1 and 6, for all subjects, are shown in Figure 4A and B, respectively. As the graphs reveal, we can obviously notice that the values of SD1/SD2 ratio increased significantly during meditation compared to that before meditation, especially the index measured from Poincare plots reconstructed with a lag of 6 (p < 0.05). Figure 5A and B shows the area of Poincare plot, reconstructed with lags of 1 and 6, for both groups, i.e. before meditation and during meditation, respectively. The graphs demonstrate that in both lags, the area of Poincare plots decreased significantly during meditation compared to before meditation (p < 0.05). These decrements are more obvious in the lag of 1 heartbeat. Furthermore, the difference between the areas of Poincare plots tended to decrease as the lag increased.
DISCUSSION
In this study, we examined the influence of different lags on the Poincare plot indices, of HR signals, in the specific psychophysiological state. The SD1/SD2 and the area of the ellipse fitted to the Poincare plot were analyzed in a group of healthy subjects before and during meditation. These indices were estimated from Poincare plots reconstructed with lags of 1 and 6 heartbeats.
The SD1 index, which denotes the transverse axis of the Poincare plot, represents the standard deviation of the instantaneous variability of the beat-to-beat HR [10] and provides supplementary information about the parasympathetic activity of cardiovascular system under the autonomic nervous system, [9, 11] whereas the SD2 values demonstrate the overall variability of RR intervals. [10, 18] Unlike SD1 values, which tended to increase as the lag increased, the value of SD2 of Poincare plot did not change significantly. According to the results, as the lag increased, the shape of the plots became more circular during meditation.
The results of our previous study [11] demonstrate that the adjusted ellipses have different SD1 values before and during meditation. In healthy individuals before meditation, the beats' intervals are highly irregular, especially by the vagal predominance in heart modulation, which makes it possible to see a cloud of points with the approximate cigar shape in Poincare plot, and can be observed before meditation with a lag of 1. Unlike before meditation, analysis of figures during meditation shows less spreading of RR intervals, both beat-to-beat and in the long term, and suggests lower HRV. In addition, as the lag increases, the shape of the plots becomes more circular during meditation. [11] Furthermore, the center of the ellipse of Poincare plots shifts to lower values during meditation with respect to the center of the ellipse before meditation.
In a previous study, [11] we focused on the minor axis of the ellipse and the influence of longer lags (up to six beats) over SD1. As the width (SD1) and length (SD2) of the Poincare plot express different information of the signal, in this study, based on both measures of SD1 and SD2, other indices of the Poincare plot (SD1/SD2 ratio and the area) were evaluated. Concerning the SD1/SD2 ratio measured from Poincare plots, the analyses show that the values of SD1/SD2 ratio increased significantly during meditation compared to that before meditation, especially the index measured from Poincare plots reconstructed with a lag of 6 (p < 0.05). Therefore, the SD1/SD2 ratio measured at a lag of 6 heartbeats could be useful to capture dynamic changes occurring during meditation.
The area of the ellipse which is fitted to the Poincare plot represents the total variability of HRV and it is under strong vagal influence. SD1/SD2 estimates the sympathetic-parasympathetic balance during meditation. [9, 22] The graphs show that in both lags, area of Poincare plots decreased significantly during meditation compared to before meditation (p < 0.05). Furthermore, the difference between the areas of Poincare plots tended to decrease as the lag increased.
Previously, Lerma et al. [23] examined the Poincare plot indexes (SD1, SD2, and SD1/SD2) to discover dynamic fluctuations of the HRV after hemodialysis (HD) in hemodynamically stable chronic renal failure (CRF) patients. The results indicated that the Poincare plot indexes measured from CRF patients were smaller than those of healthy subjects. In addition, with a lag of 4, the SD1/SD2 ratio of CRF patients reduced after HD. In another study, to extract temporal dynamics of Poincare plot, Karmakar et al. [19] proposed a quantitative measure called Complex Correlation Measure (CCM). They compared this measure to SD1 and SD2 to evaluate the performance of the proposed index in differentiating arrhythmia and CHF patients from normal subjects. It was claimed that CCM can be applied as an additional Poincare plot descriptor to identify pathology. The correlations between SD1 and spectral HRV indices of type 1 diabetic patients were examined by Contreras et al. [24] It has been demonstrated that in the control group, SD1 with lags of 1 and 2 was extremely correlated with HF, whereas SD1 with lags of more than 4 was better correlated with LF rather than with HF. Though, in the diabetic group, the correlation between SD1 and spectral indices did not change as in the control group for different lags.
In conclusion, the comparative dynamic measures of the Poincare plot indices during and before meditation give more insight of the HR signals in a specific psychophysiological state. The difference between these features during meditation in comparison with before meditation might be useful for analysis of HR signals during meditation.
There may be some limitations that need to be considered in the future studies. For instance, even though the database has been frequently used in the recent scientific researches, [11, 15, 25] more data should be examined to generalize the findings. Further investigations can employ more varied features and other meditation techniques.
